Extracellular superoxide dismutase (EC-SOD; superoxide: superoxide oxidoreductase, EC 1.15.1.1) is a tetrameric copper-containing glycoprotein (1) . It is the major SOD isoenzyme in extracellular fluids such as plasma, lymph (2) , and synovial fluid (3) , but it also occurs in tissues (4, 5) . On chromatography on heparin-Sepharose, it is separated into three fractions: A, without affinity; B, with weak affinity; and C, with relatively strong affinity (1) . Recent observations indicate that most EC-SOD in the vascular system is bound to endothelial cell surfaces (6) . Membrane-bound heparan sulfate is apparently the receptor for the enzyme (K. Karlsson and S.L.M., unpublished data) and fraction C is the form that binds (6) .
A complementary DNA (cDNA) copy encoding human EC-SOD has been isolated from a placenta cDNA library (7) . The cDNA encodes a 24.2-kDa protein. The amino-terminal sequence of mature EC-SOD is preceded by a typical signal peptide. The amino-terminal part also contains a possible N-glycosylation site. In the middle of the deduced amino acid sequence is a region with strong homologies with the final two-thirds of the sequences of CuZn SODs. In the carboxylterminal end, there is a hydrophilic sequence with many positively charged amino acids.
The present paper reports the introduction of an EC-SOD expression plasmid into Chinese hamster ovary (CHO-K1) cells, the isolation of secreted human recombinant EC-SOD (rEC-SOD), and the characterization of the isolated enzyme. The rEC-SOD was compared with native human EC-SOD (nEC-SOD) isolated in parallel.
MATERIALS AND METHODS Con A-Sepharose, lentil lectin-Sepharose 4B, wheat germ lectin-Sepharose, protein A-Sepharose CL-4B, CNBr-activated Sepharose 4B, DEAE-Sephacel, and Sephacryl S-300 were obtained from Pharmacia.
Construction (7) was inserted into the EcoRI site of the polylinker so that the expression of the coding sequence for human EC-SOD is controlled by the SV40 early promoter. This constructed EC-SOD expression plasmid was designated pPS3 and is depicted in Fig. 1 .
Expression of Human EC-SOD in CHO Cells. Linearized pPS3 DNA (20 ug) was cotransfected with 0.5 ,ug of pSV2NEO DNA (8) into CHO-K1 cells (9) . Transfected cells were selected by growth in Ham's F-12 medium supplemented with 10% fetal calf serum, and 700 ,ug of G-418 sulfate per ml (geniticin, GIBCO). G-418-resistant clones were isolated and propagated in the same medium. The production of EC-SOD was determined with the cells growing on solid support in Optimem medium (GIBCO) supplemented with 5% newborn calf serum and G-418 sulfate. The cells were incubated at 37°C in 95% air/5% CO2. The medium was changed every third day, and the concentration of human Abbreviations: SOD, superoxide dismutase; EC-SOD, extracellular superoxide dismutase; rEC-SOD, recombinant EC-SOD; nEC-SOD, native EC-SOD; SV40, simian virus 40.
$To whom reprint requests should be addressed.
6634
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
6635
EC-SOD secreted into the growth medium was determined by ELISA and enzymic activity measurement (see below).
Isolation of rEC-SOD: Preparation of Monoclonal AntiHuman EC-SOD-Sepharose. Hybridoma cell lines producing monoclonal antibodies against human EC-SOD were prepared from mice injected with human umbilical cord EC-SOD fraction C according to standard techniques (10 Chromatography on DEAE-Sephacel. The pooled eluate from the former step was diluted with 14 vol of distilled water and the pH was adjusted to 8.5. The diluted pool was applied to a DEAE-Sephacel column equilibrated with 50 mM Na phosphate (pH 8.5). The column was then washed with equilibration buffer and the EC-SOD finally eluted with 50 mM sodium phosphate, pH 8.5/0.25 M NaCl.
Chromatography on Heparin-Sepharose. The EC-SOD pool from the former step was concentrated, dialyzed against 50 mM sodium phosphate (pH 6.5), and then applied to a heparin-Sepharose column equilibrated with 50 mM sodium phosphate (pH 6.5). The EC-SOD activity was eluted with a 0-1 M NaCl gradient in the equilibration buffer. The tC-SOD eluted as a symmetrical peak. The center (pool I, -75% ofthe activity) and the sides (pool II) were pooled separately. The pools were concentrated and dialyzed against 50 mM sodium phosphate (pHI 7.4) . Results of the isolation procedure are summarized in Table 1 .
Isolation of nEC-SOD from Human Umbilical Cords. Human umbilical cords were minced and suspended in 4 vol of 50 mM potassium phosphate (pH 7.4) with 0.3 M KBr (chaotropic salt that increases the extraction of EC-SOD severalfold)/3 mM dieihylenetriaminepentaacetic acid/ 100,000 units of aprotinin per liter/0.5 mM phenylmethylsulfonyl fluoride (the latter additions to inhibit proteases). The suspension was homogenized in a Waring blender, subjected to ultrasonication, and then centrifuged (6000 x g, 20 min). The EC-SOD content of the supernatant was -180 units (1.6 Ag) per ml. nEC-SOD was isolated from the extract according to the procedure outlined above for rEC-SOD. The yields in the separation steps were similar.
Specific Enzymic Analysis of Human EC-SOD. SOD was determined in terms of its ability to catalyze the disproportionation of°2 *in alkaline aqueous solution. The disproportionation was directly studied in a spectrophotometer, essentially as described (11) except that the assay was performed at pH 9.5. One unit in the assay is defined as the activity that brings about a decay of 2 *concentration of 0.1 s-l in 3 ml of buffer. One unit corresponds to -8.8 ng of human EC-SOD and 8.3 ng of human CuZn SOD. Specificity for EC-SOD was achieved by incubation of samples to be analyzed with (l) anti-EC-SOD immobilized on Sepharose (12) or (ii) Sepharose 4B (sham incubation) overnight at 40C and then determining the SOD activity of the supernatants after centrifugation. The EC-SOD activity is obtained as ii minus i. Anti-EC-SOD does not react with other SOD isoenzymes (12) .
ELISA for Human EC-SOD. Quantitation of human EC-SOD was made by double antibody sandwich ELISA on microtiter plates (Nunclon; Nunc) according to standard procedures (Dakopatts, Copenhagen). Each plate was coated with 1.5 Iug of rabbit polyclonal anti-EC-SOD IgG antibodies (12) in coating buffer [50 mM NaCO2 (pH 9.6)]. The secondary antibody (0.8 ,ug per well) used was mouse monoclonal antibody 6,H6 (see above). For detection, a peroxidaseconjugated rabbit anti-mouse antibody (Dakopatts) was used. o-Phenylenediamine was used as peroxidase substrate.
Amino Acid Analysis. After 24 hr of hydrolysis at 1100C in vacuo with 6 M HCl containing 1% phenol, samples were analyzed with a LKB a-plus amino acid analyzer. Compensations for hydrolysis loss of serine and threonine were made.
Amino Acid Sequence Analysis. Automated Edman degradation (13) was performed in a Beckman 890 C sequencer as described (14) . Affnity of r-and nEC-SOD for Heparin-Sepharose. r-and nEC-SOD were chromatographed on a 2-ml heparin-Sepharose column with 15 mM sodium cacodylate, pH 6.5/50 mM NaCl as eluant. To achieve high reproducibility, a Pharmacia FPLC apparatus was used. About 500 units (4.4 ,g) of r-and nEC-SOD, dialyzed against elution buffer, was applied.
Bound enzyme was eluted with a gradient in NaCl in the elution buffer (6).
Affinity of EC-SOD to Lectins. Con A, lentil lectin, and wheat germ lectin immobilized on Sepharose were used for the study. Two milliliters of each gel was packed in chromatography columns. Sodium phosphate (50 mM), pH 7.4/NaCI (0.25 M) was used as eluant. Two hundred units (-1.7 ,ug) of nEC-SOD or rEC-SOD dissolved in 0.5 ml of elution buffer was applied to the lectin columns. Elution buffer (3.5 ml) was then applied (added in 0.5-ml portions at 5-min intervals). The columns were washed with 10 ml of elution buffer. Bound EC-SOD was then eluted with 14 ml of 0. quence is also presented. Tryptophan was not determined by amino acid analysis and is not included in the comparison. It appears from the table that the native and recombinant enzymes are virtually identical in composition. The agreement with the composition deduced from the cDNA sequence (7) is also very good. The lower value of valine in the compositions based on amino acid analysis can be explained by the low hydrolysis yield of sequences containing valine. The results indicate that the native and recombinant enzymes are identical and that the amino acid sequence deduced from the cDNA sequence is correct.
Amino-Terminal Sequence of rEC-SOD. The sequence of the 17 first amino acids of rEC-SOD was found to be Trp-Thr-Gly-Glu-Asp-Ser-Ala-Glu-Pro-Asn-Ser-Asp-SerAla-Glu-Trp-Ile. The sequence is thus identical to that previously found for nEC-SOD (7). Molecular Weight Estimation with Gel Chromatography. rand nEC-SOD eluted at positions corresponding to molecular weights of 151,000 and 136,000, respectively. rEC-SOD thus appeared to be slightly larger. Part of the difference may be due to the partial degradation of nEC-SOD as seen in the electrophoresis experiments described below. The heteroge- Fig. 2 . No impurities could be detected in the preparations. The nEC-SOD sample shows two bands with apparent molecular weights of 32,000 and 29,500, while the rEC-SOD sample shows one band at a position corresponding to the upper band of nEC-SOD (Mr, 32,000). The relative amounts of the two bands in nEC-SOD vary from preparation to preparation, and the heterogeneity is probably due to partial degradation of the enzyme.
Analysis of n-and rEC-SOD on Heparin-Sepharose. Both enzymes bound to the heparin-Sepharose under the conditions described in Materials and Methods and they eluted at the same NaCI concentration (0.55 M) in the gradient. The results show that the heparin affinities of r-and nEC-SOD are identical and that rEC-SOD is of the C type.
Binding of n-and rEC-SOD to Lectins. To study the carbohydrate substituents of the enzymes, the affinity for lectins was determined. All (96-99%) rEC-SOD and nEC-SOD were found to bind to Con A and lentil lectin. However, whereas 95% of rEC-SOD bound to wheat germ lectin, only 65% of the nEC-SOD preparation bound. The affinity for the lectins shows that both rEC-SOD and nEC-SOD are glycoproteins. For high-affinity binding to lentil lectin, the presence of a fucose residue attached to an asparagine-linked N-acetyl-D-glucosamine is essential, as is the presence oftwo a-linked mannose residues. Except for the fucose, binding to Con A requires the same carbohydrate residues. Wheat germ lectin affinity indicates the presence of N-acetyl-D-glucosamine and/or N-acetylneuraminic acid (16) .
The heterogeneity of the nEC-SOD with regard to binding to wheat germ lectin might be explained by partial degradation of the enzyme within the umbilical cords in vivo or in vitro in the homogenates during isolation. EC-SOD previously isolated from human lungs bound quantitatively to wheat germ lectin (1) (4 x 24,200 ) and the protein contents of the analyzed preparations were calculated from the amino acid contents. The calculated metal contents are probably somewhat too high, since compensations were not made for losses of all amino acids during hydrolysis. r-and nEC-SOD thus contain equal amounts ofCu and Zn. The results confirm the previous finding of 4 mol of Cu per mol of EC-SOD (1). About 4 Zn atoms were also found in that investigation, but the presence ofZn could not be established with certainty due to the scarcity ofmaterial and the possibility ofZn contamination. The present results now establish that the EC-SOD molecule contains 4 Zn atoms. The findings are compatible with the presence ofligands to Cu and Zn in the part of the EC-SOD sequence that shows homology with the CuZn SOD family (7).
CONCLUSIONS
Production of human rEC-SOD in CHO cells has been achieved. As could be predicted from the presence of an apparent signal sequence in human EC-SOD cDNA (7), the enzyme is secreted by the CHO cells. A simple procedure resulting in high yield was developed for the isolation of rEC-SOD from the culture medium and nEC-SOD from tissue homogenates. The properties of the isolated rEC-SOD are very similar to those of nEC-SOD isolated from umbilical cord. The specific enzymic activities and the Cu and Zn contents are almost identical. The amino acid compositions are virtually identical and in agreement with the composition deduced from the coding part of the cDNA (7). The aminoterminal amino acid sequence of rEC-SOD is identical to that of nEC-SOD. The rEC-SOD produced is of type C and the affinity for heparin is identical to that of nEC-SOD type C. Both enzymes are glycosylated as shown by the binding to the lectins Con A, lentil lectin, and wheat germ lectin. nEC-SOD displayed a heterogeneity, not seen in rEC-SOD, on electrophoresis in gradient polyacrylamide gels in the presence of NaDodSO4 and with regard to binding to wheat germ lectin. The heterogeneity might be due to partial degradation of the nEC-SOD, and it might explain the lower molecular size of nEC-SOD as seen on gel chromatography. The differences do not necessarily indicate that human EC-SOD as synthesized in the CHO cells is different from EC-SOD synthesized in the human body.
Human nEC-SOD can be prepared in only limited amounts. The establishment of a production system for EC-SOD will allow the preparation of large amounts of the enzyme, rendering studies of, e.g., structure, turnover in the body, and therapeutic properties possible.
